Introduction {#sec1}
============

The metabolic syndrome is characterized by a cluster of interrelated metabolic factors such as insulin resistance, hyperinsulinemia, abdominal obesity, impaired glucose tolerance, dyslipidemia, hypertension, and a proinflammatory and prothrombotic state, leading to coronary heart disease and peripheral vascular disease. The main components of dyslipidemia of the metabolic syndrome, which most likely initiate atherosclerosis, are the „lipid triad" of high plasma triglycerides, low levels of high-density lipoprotein cholesterol (HDL), and a preponderance of small, dense low-density lipoprotein (LDL) particles (Raal, [@CIT0018]; Kwasny *et al.*, [@CIT0011]) At present, the only drugs approved for treatment of risk factors of metabolic syndrom are those that target the individual risk factors: lipid-lowering drugs, antihypertensive agents, hypoglycemic drugs, and anti-platelet drugs. There is recognition of the importance of treating all components of the atherogenic dyslipidemic profile associated with low high-density lipoprotein cholesterol and elevated triglyceride levels, in addition to lowering LDL cholesterol (Davidson, [@CIT0003]). The new drugs under development should promise to better treat the syndrome as a whole. Drugs might be developed that will simultaneously modify all of the risk factors, but such drugs are not currently available. The challenge for developing a new drug that would substantially reduce multiple risk factors is attractive (Vakhrushev & Lyapina, [@CIT0024]).

SMe1EC2 is a novel derivative of hexahydropyridoindole stobadine -- the compound which was found to have beneficial effects on cardiovascular system. Moreover, essential metabolic studies provided the evidence that a low dose of stobadin was able to lower blood glucose, cholesterol and triacylglycerol levels and to prevent lipid peroxidation and protein glycation (Stefek *et al.*, [@CIT0020]; Pekiner *et al.*, [@CIT0017]).

The stobadine derivative SMe1EC2 showed many beneficial effects at *in vitro* conditions (Štolc *et al.*, [@CIT0021]; Gáspárová *et al.*, [@CIT0006]; Balcerczyk *et al.*, [@CIT0002]) and in experimental models of civilization diseases (Drimal *et al.*, [@CIT0005]). Although antioxidant properties of SMe1EC2 play very important role in its effects, metabolic activity is also suggested (Mézešová *et al.*, [@CIT0015]). It is expected that the potential drug under investigation will simultaneously influence multiple risk factors of experimental metabolic syndrome and reduce hypertension, hyperglycemia, hypercholesterolemia and hypertriglyceridemia.

The hereditary hypertriglyceridemic (hHTG) rats were developed as a genetic model for the study of relationships between blood pressure and metabolic abnormalities. It was demonstrated that these rats are not obese, they are hypertensive and insulin resistant and they have some disturbances in glucose metabolism (Zicha *et al.*, [@CIT0028]). hHTG rats display hypertriglyceridemia, impaired glucose tolerance, hyperinsulinemia, insulin resistance and increased blood pressure even without nutritional stimuli. High sucrose feeding further aggravates these symptoms (Klimes *et al.*, [@CIT0009]).

The purpose of this work was to study the effect of long-term oral administration of pyridoindol derivative SMe1EC2 on development of particular risk factors of metabolic syndrome in hHTG rats, and to compare SMe1EC2 actions with clinically used reference drug atorvastatin.

Methods {#sec2}
=======

Animals {#sec2.1}
-------

Male Wistar rats and male hHTG rats, aged 3--4 months, weighing 240--260 g, obtained from the breeding station Dobrá Voda, Slovakia, were used. The animals were housed under standard experimental conditions (temperature 21±2 °C, relative humidity 55±10%, 12/12 hr light-dark cycle, food and water provided *ad libitum*).

Drugs {#sec2.2}
-----

The pyridoindole derivative SMe1EC2 (2-ethoxycarbonyl-8-methoxy-2,3,4,4a,5,9b-hexahydro-1*H*-pyrido-\[4,3b\] indolinium chloride) (S) was synthesized in the Institute of Experimental Pharmacology and Toxicology, Slovak Academy of Sciences, Slovakia.

Atorvastatin (A), clinical reference, was generous gift from Saneca Pharmaceuticals a.s. Hlohovec (Slovakia). Diagnostic kits were purchased from Randox Laboratories Ltd., (UK) and the other chemicals and kits were from commercial sources.

Treatment {#sec2.3}
---------

The experiments were performed in compliance with the Principles of Laboratory Animal Care issued by the Ethical Committee of the Institute of Experimental Pharmacology and Toxicology, Slovak Academy of Sciences. The experimental design was approved by the State Veterinary and Food Administration of the Slovak Republic. Animals were acclimated one week prior to the experiments.

Male Wistar rats (W) fed standard diet were used within the experiment as the pattern of healthy population with no metabolic disturbances present. Male hHTG groups of rats fed either standard (HTG) or high cholesterol diet (HFC -- 1% cholesterol and 7.5% lard fat) (HTG+HFC) were administered with SMe1EC2 or atorvastatin, both in dosage 50 mg/kg/day p.o. for 4 weeks in vehiculum (0.5% methylcelulose).

On the day preceding the blood sampling (at the day 1 and 28 of the experiment), food was removed from the cages. Blood was withdrawn from retroorbital venous plexus. The physiological status of the experimental animals was regularly monitored by the evaluation of preprandial glucose levels and finally also by the plethysmografic measurement of systolic blood pressure on the tail.

Lipid profil was characterized by serum levels of total cholesterol (TC), high-density lipoprotein cholesterol (HDL), low-density lipoprotein cholesterol (LDL) and triglycerides (TRG). TC levels were measured by CHOD-POD method (Rai *et al.*, [@CIT0019]) and another biochemical parameters were assayed by commercially available diagnostic kits (RANDOX Laboratories Ltd., UK). Markers of lipid peroxidation and oxidative stress involvement were evaluated as the concentration of thiobarbituric acid reactive substances (TBARS) in serum, the kidney and the liver. Serum pro-inflammatory cytokinine levels (TNFα, IL-1, IL-6) were measured by microplate ELISA method using a commercial kit (Affimetrics USA).

Results {#sec3}
=======

The hereditary hypertriglyceridemic rat strain has been developed as a genetic model of metabolic syndrome, which in our experiments was manifested by hypertension, hypertriglyceridemia and hypercholesterolemia. The results of the experiments showed a different lipid profile of Wistar rats and HTG. Dyslipidemia and pro-inflammatory state were further highlighted in HTG+HFC rats. The most notable changes were found in the case of serum TRG, TC, HDL, IL-6 and TNFα ([Table 1](#t0001){ref-type="table"}). Longterm administration of the test substance SMe1EC2 to HTG+HFC significantly reduced blood serum TRG (*p\<*0.01), TC (*p\<*0.01) and LDL (*p\<*0.001) levels. This effect was comparable to that of the clinically used reference atorvastatin ([Figure 1](#f0001){ref-type="fig"}). Moreover, the hypolipidemic activity of SMe1EC2 was demonstrated also in the group of rats fed standard diet. Thus, the results of this study showed that SMe1EC2 administration to rats with genetic metabolic syndrome was able to reduce hypercholesterolemia and hyperlipidemia.

###### 

Main characteristics of animals of the individual experimental groups.

                           W             HTG                                               HTG+HFC
  ------------------------ ------------- ------------------------------------------------- ------------------------------------------------------------------------------------
  Blood glucose (mmol/l)   4.98±0.35     5.24±0.99                                         5.12±0.28
  Serum TRG (mmol/l)       1.485±0.13    2.767±0.09[\*\*\*](#tf1-3){ref-type="table-fn"}   3.000±0.15[\*\*\*](#tf1-3){ref-type="table-fn"}
  Serum TC (mmol/l)        0.964±0.11    1.158±0.04                                        1.477±0.06[\*\*\*](#tf1-3){ref-type="table-fn"}[\#\#](#tf1-4){ref-type="table-fn"}
  Serum LDL (mmol/l)       0.95±0.05     1.676±0.21                                        2.259±0.11
  Serum HDL (mmol/l)       0.652±0.04    0.602±0.03                                        0.509±0.02[\*](#tf1-1){ref-type="table-fn"}
  Blood pressure (mm/Hg)   113.21±2.81   118.76±5.26                                       121.90±3.49
  Serum IL-1 (pg/ml)       98.23±27.57   89.63±18.50                                       67.51±18.40
  Serum IL-6 (pg/ml)       4.65±1.68     12.82±2.04[\*](#tf1-1){ref-type="table-fn"}       14.22±3.02[\*](#tf1-1){ref-type="table-fn"}
  Serum TNFα (pg/ml)       45.72±19.37   167.11±22.37[\*\*](#tf1-2){ref-type="table-fn"}   181.83±35.06[\*\*](#tf1-2){ref-type="table-fn"}

W -- Wistar rats, HTG -- hereditary hypertriglyceridemic rats fed standard diet, HTG+HFC -- hereditary hypertriglyceridemic rats fed high cholesterol diet. TRG -- triglycerides, TC -- total cholesterol, LDL -- low-density-lipoprotein cholesterol fraction, HDL -- high-density-lipoprotein cholesterol fraction. Data are means ± SEM of 8 experiments.

*p\<*0.05 vs W

*p\<*0.01 vs W

*p\<*0.001 vs W

*p\<*0.01 vs HTG

![The effect of SMe1EC2 (S) and atorvastatin (A) on serum LDL levels of hereditary hypertriglyceridemic rats fed high-fat and high-cholesterol diet (HTG+HFC). Data are means ± SEM of 8 experiments. \**p\<*0.05 versus HTG+HFC.](ITX-10-81-g001){#f0001}

Systolic blood pressure of HTG and HTG+HFC rats continually increased during experiment such that differences between values at the beginning and the end of the experiment were statistically significant (*p\<*0.05). Final blood pressure had tendency to be higher in HTG and HTG+HFC groups compared to W ([Table 1](#t0001){ref-type="table"}). The tested compound SMe1EC2 normalized these values ([Figure 2](#f0002){ref-type="fig"}).

![The effect of SMe1EC2 (S) and atorvastatin (A) on blood pressure of hereditary hypertriglyceridemic rats fed high-fat and high-cholesterol diet (HTG+HFC). Data are means ± SEM of 8 experiments. \**p\<*0.05 versus HTG+HFC.](ITX-10-81-g002){#f0002}

To investigate whether inflammatory processes play the role in pathogenesis of hypercholesterolemia and in hypolipidemic protective effects of compounds tested, the assessment of pro-inflammatory cytokines TNFα, IL-1 and IL-6 in the serum was completed. At the end of the administration period, HTG+HFC animals administered SMe1EC2 and atorvastatin had significantly reduced plasma levels of IL-1 compared to the group HTG+HFC without treatment ([Figure 3](#f0003){ref-type="fig"}), but failed to show any reduction of plasma TNFα and IL-6 levels.

![The effect of SMe1EC2 (S) and atorvastatin (A) on serum IL-1 levels of hereditary hypertriglyceridemic rats fed high-fat and high-cholesterol diet (HTG+HFC). Data are means ± SEM of 8 experiments. \*\*\**p\<*0.001 versus HTG+HFC.](ITX-10-81-g003){#f0003}

Safety parameters providing an index of lipid peroxidation and of oxidative stress involvement --TBARS -- were also evaluated in serum, the kidney and the liver. As seen in [Figure 4](#f0004){ref-type="fig"}, administration of SMe1EC2 to HTG+HFC significantly depressed TBARS concentrations in all tissues tested.

![The effect of SMe1EC2 (S) on TBARs levels in serum, liver and kidney of hereditary hypertriglyceridemic rats fed standard diet (HTG) and hereditary hypertriglyceridemic rats fed high-fat and high-cholesterol diet (HTG+HFC). Data are means ± SEM of 8 experiments. \**p\<*0.05 versus HTG, \*\**p\<*0.01 versus HTG, \#*p\<*0.05 versus HTG+HFC, \#\#*p\<*0.01 versus HTG+HFC.](ITX-10-81-g004){#f0004}

Discussion {#sec4}
==========

Results of our experiments showed that the model of hereditary triglyceridemic rats fed high-fat and highcholesterol diet sickens for some signs of metabolic syndrome -- dyslipidemia, i.e. increased serum levels of TC, TRG, LDL, decreased levels of HDL, and increased blood pressure. Ascertained elevated serum levels of pro-inflammatory cytokine IL-1 together with enhanced TBARS concentrations in the liver, kidney and serum agree with participation in pathogenesis of experimental metabolic syndrome. This model enabled us to study separately the consequences of metabolic and hemodynamic abnormalities in metabolic syndrome. Repeated administration of a pyridoindole derivative SMe1EC2 in rats with hereditary hypercholesterolemia showed its beneficial effect on several risk factors of experimental metabolic syndrome as hypercholesterolemia, hypertriglyceridemia and hypertension.

Dyslipidemia is known as a major cause of atherosclerosis and atherosclerosis-associated diseases such as coronary heart disease, ischemic cerebrovascular disease, and metabolic syndrome. It is manifested by elevated triglyceride levels and by reduced HDL, which contributes to increased inflammatory activity (Mendrick *et al.*, [@CIT0013]). The other mechanism participating in the etiopathogenesis of metabolic syndrome and associated pathologies such as hypertension, dyslipoproteinemia, insulin resistance and glucose intolerance, is oxidative stress (Isomaa, [@CIT0007]). Elevated inflammatory activity together with increased formation of reactive oxygen species causes atherogenic endothelial dysfunction (Meerarani *et al.*, [@CIT0014]) which consequently leads to hypertension (Paravicini & Touyz, 2006). In our experiments, metabolic syndrome was characterized by increased production of proinflammatory cytokines TNF-α, IL-1 and IL-6. Moreover, the production of reactive oxygen species was increased, which was demonstrated by elevated levels of TBARS in several tissues. These findings suggest the important role of inflammation and oxidative stress in pathogenesis of signs of metabolic syndrome in our experimental model. It is also known that oxidative stress plays a critical role in the pathogenesis of atherosclerosis and hypertension by directly affecting vascular wall cells (Wihastuti & Heriansyah, [@CIT0025]). Therefore, drugs with anti-inflammatory and anti-oxidative properties could be a right choice for treating cardiovascular complications associated with metabolic syndrome. This occurred in results of Knezl *et al.* ([@CIT0010]) who found SMe1EC2 to improve functional state of cardiovascular system of HTG rats fed with high-fat and high-cholesterol diet. In our experiments, administration of SMe1EC2 and atorvastatin significantly reduced serum levels of IL-1 and serum concentrations of TBARS. Thus, the anti-oxidative and anti-inflammatory mechanism could also contribute to lowering blood pressure in HTG+HFC animals administered SMe1EC2.

Beneficial effects found in this work provide SMe1EC2 to be a promising candidate in the treatment of metabolic syndrome. A big advantage of this compound is its very good toxicity profile. The results of the toxicity study and reproductive toxicity study in rats indicated a high safety of SMe1EC2 -- no toxicity or prenatal toxicity. In the prenatal developmental toxicity study in rats, SMe1EC2 exerted neither embryotoxic nor teratogenic effects on rat fetuses and their postnatal development. Further, any signs of maternal toxicity were found (Ujhazy *et al.*, [@CIT0022], [@CIT0023]).

In our study we compared effects of SMe1EC2 with the most frequently used statin -- atorvastatin. Statins are the most effective agents for treating dyslipidemia and they are recognized as first-line therapy for lowering of cholesterol levels (American Diabetes Association, [@CIT0001]; De Backer *et al.*, [@CIT0004]). Moreover, statins have 'pleiotropic' effects, such as reducing oxidative stress and modulating inflammatory responses (Liao, [@CIT0012]; Yamada *et al.*, [@CIT0026]; Zamani *et al.*, [@CIT0027]*)* and these effects may improve other risk factors associated with the metabolic syndrome (Kabaklić & Fras, [@CIT0008]). However, statins showed increased risk of adverse effects (myopathy and hepatotoxicity), thus it is important to search for new therapies or combination therapies with improved efficacy and safety.

Our findings showed SMe1EC2 to affect specific parameters of lipid profile and blood pressure. These effects together with its very good toxicity profile predestinate SMe1EC2 to be promising agent for further surveys related to metabolic syndrome features.
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